INTRODUCTION
The nervous system is made up of neurones which are connected to their targets in very precise ways. This would seem to be a fundamental requirement for a nervous system to be able to process sensory information in a way which produces appropriate behaviour. The mechanisms which underlie the formation of such precise connexions remain largely unknown (see Gaze, 1970; Jacobson, 1978) . For instance, the extent to which neuronal connectivity can be changed by environmental factors during development remains a challenging problem (Landmesser, 1980) . The application of different experimental models appears to be required to characterize the range of possibilities open to the developing nervous system when confronted with perturbations of its cellular environment.
The present study is concerned with the development of synaptic connexions to motoneurones in the chick embryo after early lesions of the neural crest. Such lesions eliminate part of the segmental input to the spinal cord before the prospective sensory ganglion cells have grown axons to the cord or to the periphery. The results show that in normal embryos there is a stereotyped pattern of synaptic connexions from various peripheral sources to lumbar motoneurones at late embryonic stages of development. After the early neural crest lesions we find that there is only a very moderate compensation for the effects of the lesion by the afferent fibres in remaining dorsal roots. Furthermore, the normal pattern of connectivity is preserved, indicating a very precise predetermination of neuronal development.
METHODS
The experiments were performed using White Leghorn chick embryos. The eggs were incubated in a forced draught incubator maintained at 37 TC and 90 % humidity. After three days a small window was opened in the shell, after de-adhering the membranes overlying the embryo. The windows were sealed with sellotape and the eggs returned to the incubator.
At 19-21 d of incubation the window was extended and the chorioallantoic membrane was torn. The embryos were decapitated after ligation of the neck. The right leg was drawn through the window and peripheral branches of the sciatic nerve were dissected.
In the early experiments the branch of the tibial nerve innervating the lateral gastrocnemius (l.g.) was dissected, along with the deep branches of the tibial nerve (d.tib.) and the entire fibular nerve (fib.). In later experiments two smaller branches of the fib. were used for stimulation, the superficial branch (s.fib.) and the cranial ramus innervating extensor muscles of the dorsal shank (r.m.c.f.). The l.g. nerve is a pure muscle nerve containing no skin afferents. D.tib. is a mixed nerve, largely innervating muscles synergistic in function to the l.g. including the medial gastrocnemius. S.fib. projects without branching to the dorsal surface of the foot where it branches and terminates, mainly in skin. It also innervates some small foot muscles and may contain a few muscle afferents. R.m.c.f. terminates predominantly in a group of extensor muscles including the tibialis anterior.
SYNAPSES ON CHICK MOTONEURONES
An additional small branch terminates in the knee joint. The entire sciatic nerve with these exposed branches was dissected back to its emergence from the ileum. The leg of the embryo was then replaced in the shell and the back of the embryo was positioned in the window. The lumbar spinal cord was exposed by a dorsal laminectomy. The dura and pia were slit over the glycogen body which was then carefully drawn to one side with moist tissue paper. The cavity was filled with paraffin oil, covering the right side of the spinal cord. The lumbosacral segments LS3 to L87 were usually exposed. Next the sciatic nerve branches dissected previously were led into a cone shaped chamber Shell Fig. 1 . Schematic diagram of the preparation of Stage 44 embryos for electrophysiological experiments. The back of the embryo is supported by pins resting on the edge of a window in the shell. The lumbar region of the spinal cord has been exposed by a dorsal laminectomy. The various branches of the sciatic nerve have been cut peripherally and are kept in a saline-filled parafilm chamber for application of suction electrodes. Abbreviations: LS, lumbosacral segments; d.r.g., dorsal root ganglia; S, stimulating electrodes; l.g., lateral gastrocnemius nerve; s.fib., superficial fibular nerve; r.m.c.f., proximal muscular branches of the fibular nerve; d.tib., deep branch of tibial nerve.
made from parafilm. The nerves were led through a hole in the wall of the chamber, which was then sealed with vacuum grease. The chamber was filled with a solution of the following composition (mmol/l): NaCl, 137; KCl, 5; CaCl2, 2; MgCl2, 1; NaH2PO4/Na2HPO4, pH 7 4, 1; Hepes, pH 74, 5; Glucose, 11. The chamber itself was stuck to the right side of the embryo with grease. The nerves were taken up into suction electrodes. To prevent movements of the preparation the embryos were then paralysed with an intraperitoneal injection of 2-5 x 10-4 g of D-tubo curarine in 0-5 ml of saline. A schematic diagram of the preparation is shown in Fig. 1 (Hamburger & Hamilton, 1951) . A small (approximately 1 cm diameter) window was cut in the shell and the eggs were mounted on a stand submerged in saline. A fine platinum wire (diameter 25 jm) was connected to the output ofa current amplifier controlled by a signal generator. The other electrode was placed in the saline solution. The platinum wire was touched onto the lumbar crest and a brief (0 5-1s) 1 MHz, 0-5 mA current passed. The wire was repositioned several times until the desired number ofprospective lumbosacral segments had been lesioned. The (Hollander & Wolfe, 1973) .
RESULTS

Normal embryos
The aim of this part of the study was to characterize the normal pattern of synaptic activity in a defined population of motoneurones, with respect to the origin of afferent fibres in the periphery. We concentrated on motoneurones innervating the lateral gastrocnemius (l.g.) muscle in the hind limb, because its nerve contains no skin afferents and it is easy to isolate for stimulation. The first part of this section is concerned with the distribution of afferent fibres in the lumbosacral segments of the spinal cord, the second part with the localization of l.g. motoneurones and the third concerns the pattern of synaptic responses in the motoneurones.
Distribution of afferent fibres. The segmental distribution of afferent fibres in the various peripheral nerves was mapped by stimulating the sciatic nerve branches while recording from the surface of the spinal cord opposite the dorsal root entry points. Examples of the responses to stimulation of the entire fibular nerve (fib.), the deep branch of the tibial nerve (d.tib.) and the lateral gastrocnemius muscle nerve in one embryo are shown in Fig. 2A (Eccles, Schmidt & Willis, 1963) . This may be the case also in the chick embryo. In a further six 
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A.-L. EIDE, J. K. S. JANSEN AND R. RIBCHESTER embryos the superficial branch of the fibular nerve was stimulated (s.fib.), (see Methods) . This small nerve contains skin afferents and gave dorsal root potentials as large as those of the entire fib. nerve. The l.g. nerve, which is a pure muscle nerve, gave only very small dorsal root potentials.
There was appreciable variation in the amplitude of the responses obtained in dorsal cord recordings. Therefore, to standardize the measurements and to allow for comparison between preparations, the peak-to-peak amplitude of the afferent volley were still recorded in LS4 and LS7.
SYNAPSES ON CHICK MOTONEURONES Location of lateral gastrocnemius motoneurones. The motoneurone pools innervating muscles of the chick hind limb are organized into longitudinal columns at a very early embryonic stage (Landmesser, 1978) . Labelling ofthe motoneurone pool by retrograde uptake of horseradish peroxidase shows that gastrocnemius motoneurones are located in the LS4 and LS7 spinal segments and predominantly in LS5 and LS6 (Segments 26-29 of Hollyday, Hamburger & Farris, 1977) . We confirmed this by recording the motoneurone field potentials in the ventral horn in response to stimulation of the l.g. nerve. Extracellular and intracellular recordings from l.g. motoneurones in LS5 are shown in Fig. 3 . The extracellular field potential changed in shape and magnitude as the micro-electrode tip was advanced through the l.g. motoneurone pool (Fig. 3 A) . The maximum negativity was usually found at 0-8-0-9 mm in the LS5 and LS6 spinal segments. We only occasionally managed to obtain a measurable field in LS4 and LS7. When the fib. and d.tib. fields could also be recorded in the same segment as a l.g. field, their maxima lay on either side of the l.g. field maximum -the d.tib. being more medial and the fib. more lateral (cf. Landmesser, 1978) . The dorso-ventral position of the field maximum corresponded to the location of the lateral motor column which contains the motoneurones.
With suitable micro-electrodes, extracellular unit activity time-locked to the nerve stimulus could be obtained (Fig. 3 B) . Penetration of these cells resulted in recordings of large antidromic action potentials, indicating that the cells were l.g. motoneurones (Fig. 3C ). The antidromic impulses had no prepotentials and were driven without failures at stimulus rates of 50 Hz. The action potential was a large all-or-none spike followed by a late after-depolarization. The full antidromic invasion could be blocked by first hyperpolarizing the cell membrane potential with current injection from the intracellular electrode. In this case a residual electrotonic spike (the IS spike; Eccles, 1957) was obtained and the large after-depolarization persisted (Fig. 3D ). This was the l.g.-l.g. e.p.s.p. (see below) and it could not be evoked in preparations where the dorsal roots were cut acutely. In subsequent recordings of synaptic activity, we rejected those cells where the action potential amplitude was less than 65 mV. Of the remainder, the mean amplitude of the antidromic impulse was 81 + 9 mV and the mean latency was 3 9 + 1-3 ms. The resting membrane potential ofthese motoneurones ranged between 65 and 80 mV with values around 70 mV in most cells. These values were obtained by retraction of the micro-electrode after the examination of the synaptic input to the cells.
To have a further indication of the quality of penetration of the motoneurones we measured their input resistance to injected current pulses. The current-voltage relation was reasonably linear in the hyperpolarizing direction. The mean value of the slope in this region was 18-4 + 6-1 MQ (n = 1 1). This value is about ten times higher than that of adult cat motoneurones (Frank & Fuortes, 1956 ). The difference is probably explained by the smaller size of the motoneurones in the immature chickens. Pattern of synaptic activity. The pattern of synaptic activity in l.g. motoneurones with respect to stimulation of the l.g., d.tib. s.fib. and r.m.c.f. nerves was established in a total of seventy-five cells in nineteen embryos. The pattern was remarkably consistent from cell to cell (Fig. 4) . Homonymous (l.g.) nerve stimulation, usually at intensities sub-threshold for antidromic activation, caused an e.p.s.p. whose mean latency was 2-8 + 1-2 ms, when measured with reference to the arrival of the afferent 459 460 A.-L. EIDE, J. K. S. JANSEN AND R. RIBCHESTER volley at the surface ofthe spinal cord (Fig. 4A) . Stimulation of the d.tib nerve caused a more complicated response but the earliest component was nearly always an e.p.s.p. whose mean latency (2-5 + 1 1 ms) did not differ significantly from the latency of the homonymous e.p.s.p. (Fig. 4A and B) . These e.p.s.p.s were the earliest synaptic responses of any kind that we have recorded from these motoneurones.
The latency and the effects of repetitive nerve stimulation suggest that the e.p.s.p.s were generated by chemical synapses. In most cases (10/13) repetitive stimulation caused depression of the amplitude. In the remainder, the amplitude of the e.p.s.p. fluctuated during the train. The response to pairs of stimuli was also variable. In most cells (12/18) there was depression to the second shock at short invervals. The remaining six cells showed very little such depression or even some facilitation at short intervals. Each motoneurone behaved consistently from trial to trial.
We also attempted to increase the amplitude of the l.g.-l.g. e.p.s.p. by hyperpolarizing the cells and to reverse it by depolarizing the cells. We were never able to increase the amplitude of the e.p.s.p. by hyperpolarization. Injection of depolarizing current reduced the amplitude of the e.p.s.p. However, we were not able to inject sufficient depolarizing current to cause reversal ofthe response. This behaviour is very similar to that of monosynaptic e.p.s.p.s in cat spinal motoneurones. The relative independence of membrane potential is unusual for chemical synapses and has not been satisfactorily explained. The problem is discussed in several recent reports I W"**Or r.m.c.f I (Edwards, Redman & Walmsley, 1976; Atwell & Iles, 1979; Engberg & Marshall, 1979) .
In recordings from frog and immature rat spinal cords, short latency depolarizations attributed to electrical coupling of motoneurones have been reported (Grinnell, 1966; Fulton, Miledi & Takahasji, 1980) . In our recordings from embryonic chick motoneurones, such responses were seen only occasionally. They were evident in less than 5 % of the cells impaled and consisted of a small, sharp depolarizing potential with a latency as short as that of the antidromic field potential. The maximum amplitude of the l.g.-l.g. e.p.s.p. was determined by stimulating the nerve supramaximally (usually at three times the threshold of the antidromic field potential). The antidromic action potential was first blocked by passing a short depolarizing current pulse through the recording electrode, sufficient to generate a direct action potential which propagated down to the motor axon. The muscle nerve was then stimulated during the refractory period, about 10 ms after the onset of the current pulse (Fig. 5A) . When the intensity of the stimuli applied to the l.g. nerve was graded, a continuously graded e.p.s.p. was the most usual effect. An example of superimposed traces obtained at different stimulus intensities is shown in Fig. 5A Figure 5D . The 
Neural crest lesions
The aim of this part of the study was to determine the consequences of depriving motoneurones of their segmental afferent input during early embryonic development. Development of certain lumbosacral dorsal roots and dorsal root ganglia was prevented by making lesions in the neural crest at Stage 18 (P1. 1). Lesions were generally confined to the LS4 to LS7 spinal segments, since these are the ones which normally carry the lateral gastrocnemius afferents (P1. 2). Transverse sections of the lumbar spinal cord in Stage 44 embryos confirmed the complete absence of dorsal root fibres in the lesioned segment.
In addition to the elimination of the dorsal roots there was some reduction in size of the dorsal part of the cord. The degree of atrophy of the dorsal part of the cord was usually comparable to the example shown in P1. 3. We do not know whether this reduction of the dorsal horn is due solely to degeneration of the sensory fibres, additional direct damage of the neural tube at the time of the operation, or to transneuronal degeneration. Intracellular recordings from l.9. mwtoneurones. Intracellular recordings were made from lateral gastrocnemius motoneurones in eighteen 19-21 d embryos with one or more dorsal roots absent as a result of the early neural crest lesion. We addressed the following questions. How is the l.g.-l.g. e.p.s.p. affected in the motoneurones located in deafferented segments? Is there any replacement of missing monosynaptic connections by afferent fibres from the other nerves, which enter the spinal cord (along with any remaining l.g. afferents) via the intact adjacent spinal segments?
As a measure of the synaptic effect of the remaining afferent fibres from the l.g. muscle we determined the peak amplitude of the monosynaptic l.g.-l.g. e.p.s.p. after a supramaximal shock to the muscle nerve. To prevent interference from the antidromic invasion of the impulse in the motor axon this was blocked by collision with an impulse elicited by a preceding, short depolarizing current pulse through the recording microelectrode (5A). The latencies and time courses of the l.g.-l.g. e.p.s.p.s of deafferented segments were indistinguishable from those of normal embryos. This applied also to the range of intensities of nerve stimulation required to evoke threshold to maximal e.p.s.p.s.
In contrast, the maximal amplitude of the e.p.s.p. was generally much smaller than normal in segments which had developed without a segmental afferent input. As many as 200 of the l.g. motoneurones had no detectable early e.p.s.p. to stimulation of the l.g. nerve. Our collected results for motoneurones located within half to one and a half segments of an intact dorsal root containing l.g. afferent fibres are given in the histogram of fig. 6B . To assess the extent of possible compensation for the deafferentation by the remaining l.g. afferents the distribution in Fig. 6B should be compared to those of Fig. 6A and C. Fig. 6A shows the results of similar measurements in normal embryos after acute section of the LS5, LS6 or both dorsal roots.
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A.-L. EIDE, J. K. S. JANSEN AND R. RIBCHESTER Several points can be made from these data. Firstly, following acute section of the dorsal root in normal embryos, the amplitude ofthe l.g.-l.g. e.p.s.p. fell from a median value of 5-5 mV to less than 1 mV in deafferented segments. Many cells did not show a homonymous e.p.s.p. This reduction in response was not due to a general deterioration of the preparation. The e.p.s.p. of motoneurones in neighbouring intact segments remained largely unchanged. The simplest interpretation of these observations is that normally only a few of the afferent fibres that enter a given spinal segment extend to make monosynaptic connexions to motoneurones of neighbouring spinal segments. Secondly, even in the segments deafferented after early neural crest lesions the l.g.-l.g. e.p.s.p.s were much smaller than normal. Their median value was only 1-7 mV (Fig. 6B ) as compared to 5-5 mV in the intact embryos (Fig. 6C) and there was again an appreciable number ofcells without detectable homonymous e.p.s.p. The difference between the two distributions is highly significant (P = 0 01, Wilcoxon Rank Sum Test). There was no significant difference in the input impedance of the two groups of cells. Hence, the reductions in amplitude in the neural crest lesioned embryos indicate a reduced homonymous monosynaptic input.
Third, the amplitude ofthe l.g.-l.g. e.p.s.p.s after neural crest lesions (Fig. 6B ) were larger than those obtained after acute dorsal root section (Fig. 6A) . Their median value of 1-7 mV was significantly larger than the median of 1 mV for motoneurones of acutely deafferented segments (P = 0-016, Wilcoxon Rank Sum Test). Again there was no difference between the input impedances of the two groups of cells. There is accordingly a real but moderate increase in the efficiency of the homonymous e.p.s.p. of l.g. motoneurones in deafferented segments after early neural crest lesions.
The effects of the neural crest lesions were probably not generalized effects on lumbar cord motoneurones, but rather restricted to the deafferented segment. This appears from records of l.g.-l.g. e.p.s.p. in neighbouring segments with remaining l.g. afferent fibres. In most of these cases the dorsal root was apparently normal in size; in some it was clearly smaller than the contralateral root, presumably on account of the early neural crest lesion. In addition, except for a single l.g. motoneurone apparently without any monosynaptic input from the l.g. nerve we found no clear indication of a reduction of the e.p.s.p.s in segments next to deafferented ones (Fig.  6D) .
There was no obvious difference in the response of deafferented motoneurones to graded stimulation of the l.g. nerve. In spite of the over-all reduction in amplitude of the e.p.s.p.s, unitary steps of the e.p.s.p.s could not be resolved and must therefore have been smaller than 02 mV in amplitude. The simplest explanation of the larger amplitude of e.p.s.p.s in lesioned segments compared with acutely deafferented controls is that this is due to the presence of more afferent inputs, rather than a small number of more effective inputs (see Discussion).
We saw no evidence of recurrent inhibition of the l.g. motoneurones. In normal intact preparations, the falling phase of the e.p.s.p. was occasionally reduced at higher stimulus intensities, presumably by recruitment of inhibitory components. These could have been polysynaptic actions mediated by tendon organ afferents, for instance (Eccles, Eccles & Lundberg, 1957) . In cells with no l.g.-l.g. e.p.s.p. following acute root section, however, (Fig. 6A) there was no consistent evidence of a residual i.p.s.p. that could have been mediated by recurrent motor axon collaterals synapsing on inhibitory interneurones.
Since the enhancement of the synaptic effects of remaining l.g. afferents only made up for a small part of the reduction in size of the l.g.-l.g. e.p.s.p. after neural crest lesions it was possible that the deficit could be made up by a greater enhancement of the synaptic effects of other remaining afferents with direct connexions to the motoneurones. We therefore examined the d.tib-g.l. e.p.s.p. after neural crest lesions. The results are shown in Fig. 7 and they are similar to those of Fig. 6 . After acute section of the dorsal roots LS5, LS6 or both in normal embryos the amplitude of the d.tib.-g.l. e.p.s.p. was greatly reduced. Half of the cells no longer had an early e.p.s.p. to d.tib nerve stimulation and the median value was reduced from 1-5 mV (Fig. 7 C) in intact chicks to 0-5 mV (Fig. 7A) . By comparison, after the neural crest lesions there was a small but significant increase in the size of the d.tib. e.p.s.p. in deafferented segments (Fig. 7 C) (P = 0-005, Wilcoxon test). The median (I 3 mV) was still smaller than that of intact chickens but this difference was not statistically significant.
Interestingly, in the intact and partly intact neighbouring segments, e.p.s.p.s as large as II mV were sometimes recorded (Fig. 7 D) . In four of these cells, the d.tib. e.p.s.p. was larger than the homonymous, l.g.-response; a pattern never seen in a normal embryo. The median value (3 0 mV) was significantly larger than in controls (P = 0-01, Wilcoxon test). One explanation for these results is that the d.tib. e.p.s.p. is increased by enhancement of the signal from synergistic afferents (e.g. from medial A.-L. EIDE, J. K. S. JANSEN AND R. RIBCHESTER gastrocnemius) which are also directly connected to l.g. motoneurones in normal embryos ( Fig. 4A and B) .
To gain a better idea of the specificity of the synaptic replacement it was necessary to examine the responses obtained to stimulating other nerves which do not normally provide monosynaptic input to the l.g. motoneurones. In this context, the motoneurones in which no homonymous e.p.s.p. could be evoked are of particular interest. These motoneurones had been deprived of their entire l.g. reflex input as a result of 
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S YNAPSES ON CHICK MOTONEURONES in the deafferented segments came from one embryo in which the l.g. and fib. motoneurone pools overlapped in the ventral horn. Fig. 9A shows the depth profile of the extracellular field generated by stimulation of the l.g. and fib. nerves. Between 0 7 and 0-9 mm, substantial motoneurone fields were detected on stimulating either of the two nerves in a single penetration. Motoneurones belonging to either nerve were penetrated (Fig. 9B-E Fig. 9C shows records from a l.g. motoneurone in the deafferented LS5 segment. The maximum size of the l.g.-l.g. e.p.s.p. was 5 mV and the response to the fibular nerve was a late depolarizing potential similar to that of the cell in the intact segment.
Similarly, in the recordings shown from two fib. motoneurones ( Fig. 9D and E) , an early e.p.s.p. was obtained in response to stimulation of the fib. nerve (fib.-fib. e.p.s.p.). In the case of the motoneurone shown in Fig. 9E the antidromic action potential blocked spontaneously at the initial segment, producing an IS spike followed by the fib.-fib. e.p.s.p. In both cases ( Fig. 9D and E) stimulation of the l.g.
SYNAPSES ON CHICK MOTONEURONES nerve caused a slow, late depolarizing wave without any trace ofan early monosynaptic component.
Finally, in a further three embryos with only the LS5 dorsal root missing, the fibular nerve was split into the superficial fibular (s.fib.) and r.m.c.f. branches innervating skin and ankle flexor muscles respectively. Examples of recordings from l.g. motoneurones in each of these embryos are shown in Fig. 10 . In a total of eleven cells recorded in the deafferented segment, no early e.p.s. In summary, the effect of the neural crest lesions was to deprive motoneurones of a large part of the segmental sensory input that they would normally have acquired by 19 d of incubation. Replacement of missing inputs from the adjacent, intact segments occurred only to a limited extent. The motoneurones located in the deafferented segments nevertheless showed specificity in the pattern of their synaptic input; in particular, a preponderance of appropriate homonymous or synergistic monosynaptic input.
Muscle spindles in deafferented muscles
The development of the muscle spindles is reported to require the sensory innervation of the muscle (Zelena, 1964) . Hence, after a complete early lesion of the 469 470 A.-L. EIDE, J. K. S. JANSEN AND R. RIBCHESTER sensory ganglia supplying the l.g. muscle any spindles present in the muscle would indicate peripheral substitution for the missing afferents presumably by sprouting of inappropriate sensory fibres from neighbouring intact segments.
The reduction in the l.g. e.p.s.p. to l.g. motoneurones, and our failure to find early synaptic effects in d.tib. and fib. motoneurones to l.g. nerve stimulation in deafferented segments, suggest that there is little or no substitution for the loss of sensory innervation of the muscle. In an attempt to obtain independent information on this, cross sections of the gastrocnemius muscle were examined for the presence of muscle spindles. Obvious candidates were bundles containing three to nine fibres surrounded by a capsule of connective tissue (P1. 4). Such bundles of muscle fibres resembled those described previously in adult muscle (Tello, 1922; Barker, 1974) . In contrast to adults however, the intrafusal muscle fibres in the embryonic muscles were similar in diameter to the extrafusal ones. Thus, although spindles sectioned through the equatorial region were easy to identify (P1. 4A), they were harder to discern in sections towards the end of their capsular space (P1. 4B) and it was impossible to distinguish extracapsular regions of the spindles from extrafusal muscle fibres. The muscle spindles were apparently randomly scattered throughout the l.g. muscle. To obtain a rough estimate of their number in normal embryos we counted SYNAPSES ON CHICK MOTONEURONES the number in cross-sections taken through the cranial, the central and the caudal third of two muscles. The number per cross-section varied between one and seven, and we found a total of ten spindle profiles in the one and twelve in the other muscle.
Our observations from chicks with neural crest lesions are presented in Fig. 11 . In most of these the contralateral dorsal roots were intact and the muscles from this side provided the control data shown in the table. One chick had a long bilateral lesion of the neural crest. Its dorsal roots and ganglia were missing bilaterally throughout the lumbosacral region (LS 1 to LS 8). The purely sensory nerves, nn. saphenous and suralis, were also missing on both sides. Macroscopically the hind legs were otherwise normally developed and there was no obvious muscle atrophy. There were, however, no muscle spindles in any of the six cross sections from the two muscles (muscles 1 and 2, Fig. 11 ).
In the remaining muscles from embryos with lesions confined to the segments which normally contain l.g. afferents (LS4 to LS7) between zero (three muscles) and five spindles were counted in each muscle. Two of the muscles containing no spindles came from embryos where the LS4 to LS7 dorsal roots were entirely absent (muscles 4 and 5) and in the other only about 50 % of one of these four l.g. sensory roots remained (muscle 6). Muscle 3 contained three spindles and came from an embryo where the LS4 to LS7 dorsal roots were entirely absent. In this particular embryo it was noted that the intact LS8 and LS9 segments contributed unusually large branches to the sciatic plexus. It is therefore possible that in this embryo, the spindles were induced by invasion of the l.g. muscle by inappropriate afferent fibres. On the other hand, the possibility that in some embryos the LS8 dorsal roots normally contain some l.g. afferent fibres cannot be ruled out.
Considered collectively, the observations confirm Zelena's (1964) observation that sensory nerves to the muscle are required for the development of muscle spindles. The observations are also consistent with physiological recordings and suggest that there is little or no peripheral substitution from neighbouring segments of l.g. muscle afferents which were eliminated by the neural crest lesion.
Behavioral observations
Four chicks were studied after hatching then killed 3-4 d later for examination of the extent of the neural crest lesion. In two chicks with complete lesions of two sciatic segments (LS4, 5) behavioural effects were difficult to detect. A few hours after hatching they showed no difficulty in walking and gave brisk leg withdrawal responses when the toes were pinched. In two chicks with more extensive dorsal root lesions (LS 3, 4, 5, 6, 7 and LS 4, 5, 6 , 7) behavioural differences were evident between these chicks and unoperated controls. Instead of standing on their toes as normal chicks they would rest on their entire metatarsals, often extending the leg on the deafferented side. Pinches applied to the toes failed to elicit withdrawal reflexes. However, within a couple of days the chicks were able to walk sufficiently well that they could not be distinguished from their normal hatchmates. The deficient withdrawal reflex remained at least for 4 d which is as long as we have observed these chickens.
471
SYNAPSES ON CHICK MOTONEURONES firstly, the amount of replacement of missing inputs, and secondly, the specificity of those inputs for motoneurones of a particular type.
The compensation after a segmental neural crest lesion The l.g.-l.g. e.p.s.p. of deafferented segments was significantly larger after early neural crest lesion than after a comparable acute dorsal root section (Fig. 6A and  C) . As outlined in the results section this was probably due to an increased synaptic effect of homonymous afferents with direct connexions to the motoneurones. The change could be due either to an increased synaptic efficiency of the individual input fibres or to an increased number of input fibres contributing to the synaptic potential, or to a combination ofthe two. Experimentally we were unable to distinguish between the various possibilities. However, since we could not identify unitary e.p.s.p.s even in the neural crest lesioned material we believe that an increased number of input fibres is at least part of the explanation for the effect.
An increased number of input fibres from remaining neighbouring segments in the neural crest lesioned embryos could be due to increased survival of axon terminals formed during earlier stages of development. Such an early, more widespread distribution of an afferent input has been demonstrated in several instances during the development of the vertebrate nervous system (Redfern, 1970; Lichtman, 1977;  Crepel Mariani & Delhaye-Bouchand, 1976; Ronnevi & Conradi, 1974; Hubel, Wiesel & LeVay, 1977) . The early phase of extended synaptic connexions is followed by a period of withdrawal of axon terminals and restriction of the connexions of the input fibres. The mechanism of this focusing of the synaptic connexions is thought to be based at least partly on a competitive interaction between axon terminals converging onto the same target (Brown, Jansen & Van Essen, 1976; Betz, Caldwell & Ribchester, 1979 , 1980 Hubel et al. 1977) . The neural crest lesions might have removed the competitive influence of the ipsisegmental afferents and thereby enhanced the survival of afferents from neighbouring segments.
Alternatively, the results could be explained by some form of sprouting of the afferents from adjacent segments into the lesioned segment. There are several reports of axonal sprouting by remaining afferent fibres in the spinal cord after destruction of dorsal roots or ganglia (McCouch, Austin, Liu & Chambers, 1958; Frank & Westerfield, 1982 b) . Furthermore, since axonal sprouting in the central nervous system is generally much more vigorous in immature animals than in adults (So & Schneider, 1978; Lund, 1978) this possibility remains a plausible explanation ofthe moderate enhancement ofthe l.g.-l.g. e.p.s.p. in deafferented segments ofneural crest lesioned chickens.
However, in view of the vigorous sprouting often seen after partial deafferentation in immature animals, the paucity of monosynaptic inputs to motoneurones after the neural crest lesion was surprising. Afferent fibres in the l.g. and d.tib. nerves were still the only ones to contribute a monosynaptic input to the l.g. motoneurones located in the deafferented segments. Many cells lacked even these, and the overall sum of the responses to l.g. and d.tib. stimulation was only 30-50 % of that in normal embryos.
It is difficult to believe that the small degree of replacement is simply due to the distance that the sensory fibres from neighbouring intact roots would have to cover 473 474 A.-L. EIDE, J. K. S. JANSEN AND R. RIBCHESTER in order to reach the motoneurones ofthe deafferented segment. First ofall, as pointed out above, at least some of the relevant fibres make monosynaptic connexions to motoneurones in neighbouring segments even in normal embryos (Fig. 6A) . Secondly, the distance between the lumbar segments in the embryos is quite small, at the time of the establishment of the dorsal roots only 05--1 mm. Thirdly, observations like those illustrated in Fig. 9 demonstrate that some sensory fibres from neighbouring segments are present and making synaptic connexions in the very vicinity of the relevant motoneurones without, however, being able to compensate for their loss of monosynaptic input.
The stimulus for axon terminals to sprout is usually considered to be the presence of vacant post-synaptic sites (Raisman, 1969; Cotman & Nadler, 1978) . Sprouting in the central nervous system is usually produced by surgical interruption of part of the afferent input to a neurone. This leads to vacant synaptic sites after degeneration of the presynaptic terminals. In the present experiments the afferent supply was eliminated long before the neural crest cells had started to grow axons into the spinal cord. It is also possible therefore that the motoneurones develop without expressing the presence of vacant synaptic sites. On the other hand, by analogy with skeletal muscle (Brown, Holland & Ironton, 1978 ) the degenerating terminal axons might constitute the decisive signal for neighbouring fibres to sprout. The neural crest lesions leave no degenerating axons and hence no stimulus to sprout.
A more attractive explanation for the small degree of replacement ofthe eliminated monosynaptic input derives from the observation that there is a limit to the number of terminal branches that a neurone can sustain (Thompson & Jansen, 1977) . Possibly the terminal arborization of the chick sensory ganglion cells is already fully expanded and therefore prevented from occupying additional targets in the deafferented neighbouring segment. This would be in line with their apparent inability to replace the peripheral defects in the sensory innervation as well.
Specificity of inputs
Although the amount of synaptic replacement was small there was no evidence to suggest that it was indiscriminate. On the contrary, the characteristic pattern of synaptic input was preserved in the l.g. motoneurones located in deafferented segments. The remaining l.g. and d.tib. afferent fibres from the appropriate muscles arriving through neighbouring roots gave moderately enhanced early synaptic potentials (Figs. 6B and 7B ), but we never saw any indication that skin afferents or antagonistic muscle afferents could established monosynaptic connexions. These inputs still activated interneurones which had apparently normal connexions to the motoneurones.
This was an unexpected result. Partial deafferentation of a group of neurones often induces sprouting of remaining input fibres and formation of inappropriate connexions. This has been shown for instance after partial denervation of the superior cervical ganglion (Murray & Thompson, 1957) ; after elimination of some of the retinal input to the superior colliculus in gold-fish (Schmidt, Cicerone and Easter, 1978) and in hamsters (Frost & Schneider, 1979; Rhoades & Chalupa, 1980) ; after removal of the cerebellar input to the neurones of the red nucleus (Tsukahara Hultborn, Murakami & Fujito, 1975) ; and after partial deafferentation of the hippo-campal formation (Lynch, Gall & Dunwiddie, 1978) . In all these cases the remaining afferent fibres sprout to fill in the vacant region and form functional synapses with inappropriate targets. In contrast, the present experiments on chick embryos gave little evidence ofabnormal expansion ofthe connexions of remaining primary afferent fibres. Furthermore, the reduction of muscle spindles in the gastrocnemius muscle after deafferentation (Fig. 11) suggests that the relevant sensory fibres were unable to sprout peripherally. Recently, Frank & Westerfield (1982 a, b) have performed very similar experiments on frog tadpoles and obtained results that are strikingly different from those in the chicks. In the frog virtually the entire sensory innervation of the forelimb is derived from the second spinal segment. After removal of the second dorsal ganglion the sensory fibres ofthe third ganglion sprout, both peripherally to innervate the forelimb and centrally to innervate the deafferented second spinal segment. Moreover, in sufficiently young tadpoles the sprouts from primary afferent fibres form functional connexions to the motoneurones of the deafferented spinal segment which qualitatively restores the homonymous monosynaptic connexions between muscle afferents and their motoneurones. In the present connexion these results are of great interest on two accounts: firstly, they demonstrate that in the frog appropriate connexion can be formed in the spinal cord over a novel pathway, and secondly they are in sharp contrast to the present observations in chicks.
We find it particularly intriguing that there are other instances of analogous differences between lower vertebrates and chickens. Removal of half the eye in Xenopuw tadpoles usually leads to the development of a smaller eye, -which nevertheless expands its central projection over the entire optic tectum (Straznicky, Gaze & Keating in Gaze, 1970) . In contrast, retinal lesions in the early chick embryo lead to permanent defects in the retinal innervation of the tectum (Crossland, Cowan, Rogers & Kelly, 1974) . Comparable indications of rigidly prespecified connectivity have come from recent studies of chick spinal neurones. Early surgical deletion of lumbar spinal segments leads to permanent denervation of muscles which are normally innervated from the missing segments (Lance-Jones & Landmesser, 1980) . Similar defects are found in the sensory innervation of the limb (Honig, 1978) . Apparently, motoneurones and sensory ganglion cells in neighbouring intact segments are unable to expand their innervation and supply the denervated targets. Thus it may be that in the chick embryo the central and peripheral targets of primordial neurones are rigidly specified at very early stages of development, and that these neurones are rather insensitive to the kind of stimuli which, in lower vertebrates, cause sprouting and replacement of missing synapses.
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A.-L. EIDE, J. K. S. JANSEN AND R. RIBCHESTER PLATE 4 Cross-sections of muscle spindles in l.g. muscle of a normal E 20 d chick embryo. A, from equatorial region. The intrafusal muscle fibres contain many nuclei and are surrounded by a lymph space and capsule. B, intrafusal muscle fibres more densely packed and still surrounded by the capsule in the paracentral region. Their myoplasm is more homogenous than that ofsurrounding extrafusal muscle fibres.
